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GLYCOPROTEIN SYNTHESIS 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

This application is a continuation application of US. Ser. 
No. 11/520,849, ?led Sep. 12, 2006, now US. Pat. No. 7,560, 
535, Which is a continuation of Ser. No. 11/094,676, ?led 
Mar. 29, 2005, now US. Pat. No. 7,129,333, Which is a 
divisional application of Ser. No. 10/686,944, ?led Oct. 15, 
2003, now US. Pat. No. 6,927,042, Which claims priority to 
and bene?t of US. provisional patent application Ser. No. 
60/419,265, ?led Oct. 16, 2002, US. provisional patent appli 
cation Ser. No. 60/420,990, ?led Oct. 23, 2002, and US. 
provisional patent application Ser. No. 60/ 441,450, ?led J an. 
16, 2003, the speci?cations of Which are incorporated herein 
in their entirety. 

STATEMENT AS TO RIGHTS TO INVENTIONS 
MADE UNDER FEDERALLY SPONSORED 

RESEARCH AND DEVELOPMENT 

This invention Was made With government support under 
Grants GM44154, GM62159 and GM66494, all aWarded by 
the National Institutes of Health, and under Grant DE-FG03 
00ER45812, aWarded by the Department of Energy (DOE). 
The Government has certain rights in the invention. 

FIELD OF THE INVENTION 

The invention is in the ?eld of glycopeptides, glycopro 
teins, and related mimetics, and methods for synthesis of 
glycopeptides, glycoproteins, and related mimetics. 

BACKGROUND OF THE INVENTION 

The posttranslational modi?cation of proteins by glycosy 
lation can affect protein folding and stability, modify the 
intrinsic activity of proteins, and modulate their interactions 
With other biomolecules. See, e.g., Varki, A. (1993) Glycobi 
ology 3:97-130. Natural glycoproteins are often present as a 
population of many different glycoforrns, Which makes 
analysis of glycan structure and the study of glycosylation 
effects on protein structure and function di?icult. Therefore, 
methods for the synthesis of natural and unnatural homoge 
neously glycosylated proteins are needed for the systematic 
understanding of glycan function, and for the development of 
improved glycoprotein therapeutics. 
One previously knoWn approach for making proteins hav 

ing desired glycosylation patterns makes use of glycosidases 
to convert a heterogeneous natural glycoprotein to a simple 
homogenous core, onto Which saccharides can thenbe grafted 
sequentially With glycosyltransferases. See, e.g., Witte, K., et 
al., (1997) J. Am. Chem. Soc. 119:21 14-21 18. A limitation of 
this approach is that the primary glycosylation sites are pre 
determined by the cell line in Which the protein is expressed. 
Alternatively, a glycopeptide containing the desired glycan 
structure can be synthesiZed by solid phase peptide synthesis. 
This glycopeptide can be coupled to other peptides or recom 
binant protein fragments to afford a larger glycoprotein by 
native chemical ligation, (see, e.g., Shin, Y., et al., (1999) J. 
Am. Chem. Soc. 121:11684-11689) expressed protein liga 
tion, (see, e.g., Tolbert, T. J. and Wong, C.-H. (2000) J Am. 
Chem. Soc. 122:5421-5428), or With engineered proteases. 
See, e.g., Witte, K., et al., (1998)J.Am. Chem. Soc. 120:1979 
1989. Both native chemical ligation and expressed protein 
ligation are most effective With small proteins, and necessi 
tate a cysteine residue at the N-terrninus of the glycopeptide. 
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2 
When a protease is used to ligate peptides together, the liga 
tion site must be placed far aWay from the glycosylation site 
for good coupling yields. See, e.g., Witte, K., et al., (1998) J. 
Am. Chem. Soc. 120:1979-1989. A third approach is to 
modify proteins With saccharides directly using chemical 
methods. Good selectivity can be achieved With haloaceta 
mide saccharide derivatives, Which are coupled to the thiol 
group of cysteine, (see, e.g., Davis, N. J. and, Flitsch, S. L. 
(1991) Tetrahedron Len. 32:6793-6796; and, Macmillan, D.; 
et al., (2002) Org Len 4:1467-1470), but this method can 
become problematic With proteins that have more than one 
cysteine residue. 

Accordingly, a need exists for improved methods for mak 
ing glycoproteins having a desired glycosylation pattern. The 
invention ful?lls this and other needs, as Will be apparent 
upon revieW of the folloWing disclosure. 

SUMMARY OF THE INVENTION 

The invention provides methods for synthesis of glycopro 
teins. These methods involve, in some embodiments, incor 
porating into a protein an unnatural amino acid that comprises 
a ?rst reactive group; and contacting the protein With a sac 
charide moiety that comprises a second reactive group, 
Wherein the ?rst reactive group reacts With the second reac 
tive group to attach the saccharide moiety to the unnatural 
amino acid. Glycoproteins produced by these methods are 
also included in the invention. The ?rst reactive group is, in 
some embodiments, an electrophilic moiety (e.g., a keto moi 
ety, an aldehyde moiety, and/or the like) and the second 
reactive group is a nucleophilic moiety. In some embodi 
ments, the ?rst reactive group is a nucleophilic moiety and the 
second reactive group is an electrophilic moiety (e. g., a keto 
moiety, an aldehyde moiety, and/or the like). For example, an 
electrophilic moiety is attached to the saccharide moiety and 
the nucleophilic moiety is attached to the unnatural amino 
acid. The saccharide moiety can include a single carbohy 
drate moiety, or the saccharide moiety can include tWo or 
more carbohydrate moieties. 

In some embodiments, the methods further involve con 
tacting the saccharide moiety With a glycosyltransferase, a 
sugar donor moiety, and other reactants required for glyco 
syltransferase activity for a suf?cient time and under appro 
priate conditions to transfer a sugar from the sugar donor 
moiety to the saccharide moiety. The product of this reaction 
can, if desired, be contacted by at least a second glycosyl 
transferase, together With the appropriate sugar donor moiety. 

In certain embodiments, the method further comprises 
contacting the saccharide moiety With one or more of a 
[31-4N-acetylglucosaminyltransferase, an al ,3fucosyltrans 
ferase, an (x1,2 fucosyltransferase, an otl,4fucosyltrans 
ferase, a [31-4-galactosyltransferase, a sialyltransferase, and/ 
or the like, to form a biantennary or triantennary 
oligosaccharide structure. 

In one embodiment, the saccharide moiety comprises a 
terminal GlcNAc, the sugar donor moiety is UDP-Gal and the 
glycosyltransferase is a [3-1, 4-galactosyltransferase. In one 
embodiment, the saccharide moiety comprises a terminal 
GlcNAc, the sugar donor moiety is UDP-GlcNAc and the 
glycosyltransferase is a [31-4N-acetylglucosaminyltrans 
ferase. Optionally, the method further comprises contacting 
the product of the N-acetylglucosaminyltransferase reaction 
With a [31-4-mannosyltransferase and GDP-mannose to form 
a saccharide moiety that comprises Man[31-4GlcNAc[31 
4GlcNAc-. Optionally, the method further comprises contact 
ing the Man[31-4GlcNAc[31-4GlcNAc-moiety With an 
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(x1-3mannosyltransferase and GDP-mannose to form a sac 
charide moiety that comprises Man0t1-3Man[31 
4GlcNAc[3 1-4GlcNAc-. Optionally, the method further com 
prises contacting the Man0t1-3Man[31-4GlcNAc[31 
4GlcNAc-moiety With an al -6mannosyltransferase and 
GDP-mannose to form a saccharide moiety that comprises 
Manotl-6(Man0t1-3)Man[31-4GlcNAc[31-4GlcNAc-. 
Optionally, the method further comprises contacting the 
Manotl-6(Man0t1-3)Man[31-4GlcNAc[31-4GlcNAc-moiety 
With a [31-2N-acetylglucosaminyltransferase and UDP 
GlcNAc to form a saccharide moiety that comprises Manotl - 

6(GlcNAc[31-2Man0t1-3)Man[31-4GlcNAc[31-4GlcNAc-. 
Optionally, the method further comprises contacting the 
Man0t1-6(GlcNAc[31-2Man0t1-3)Man[31-4GlcNAc[31 
4GlcNAc-moiety With a [31-2N-acetylglucosaminyltrans 
ferase and UDP-GlcNAc to form a saccharide moiety that 

comprises GlcNAcB1-2Man0t1-6(GlcNAc[31-2Man0t1-3) 
Man[31-4GlcNAc[31-4GlcNAc-. 

The step of incorporating into a protein an unnatural amino 
acid that comprises a ?rst reactive group, in some embodi 
ments, comprises using an orthogonal tRNA/ orthogonal ami 
noacyl-tRNA synthetase (O-tRNA/O-RS) pair, Where the 
O-tRNA recogniZes a selector codon and incorporates the 
unnatural amino acid into the protein in response to the selec 
tor codon, and Wherein the O-RS preferentially aminoacy 
lates the O-tRNA With the unnatural amino acid. For example, 
the O-RS comprises an amino acid sequence comprising any 
one of SEQ ID NO.: 1, 2 or 3. Optionally, the O-tRNA 
comprises a mutRNACUATy’. In some embodiments, the 
unnatural amino acid is incorporated into the polypeptide in 
vivo. 

The invention also provides glycoproteins that comprise a 
saccharide moiety and a polypeptide. In certain embodiments 
in the glycoproteins of the invention, the saccharide moiety is 
attached to the polypeptide by a reaction product of a nucleo 
philic reaction betWeen a ?rst reactive group attached to an 
unnatural amino acid present in the polypeptide and a second 
reactive group attached to the saccharide moiety. In certain 
embodiments, the ?rst reactive group is an electrophilic moi 
ety (e.g., keto moiety, aldehyde moiety, and/or the like) and 
the second reactive group is a nucleophilic moiety. 

In certain embodiments, the nucleophilic moiety of the 
invention includes, but is not limited to, hydraZide, hydroxy 
lamine, semicarbaZide, carbohydraZide, sulfonylhydraZide, 
and the like. For example, nucleophilic moieties include, but 
are not limited to, e.g., iNRIiNHZ (hydraZide), iNRl 
(C:O)NR2NH2 (semicarbaZide), iNR1(C:S)NR2NH2 
(thiosemicarbaZide), i(C:O)NRlNH2 (carbonylhy 
draZide), i(C:S) NRlNH2 (thiocarbonylhydraZide), 
i(SO2)NRlNH2 (sulfonylhydraZide), iNRINRZ (C:O) 
NR3NH2 (carbaZide), iNR1NR2(C:S)NR3NH2 (thiocar 
baZide), 4OiNH2 (hydroxylamine), and the like, Where 
each R1, R2, and R3 is independently H, or alkyl having 1-6 
carbons. 

In certain embodiments of the invention, a reaction product 
of the invention comprises, e.g., an oxime, an amide, a hydra 
Zone, a reduced hydraZone, a carbohydraZone, a thiocarbo 
hydraZone, a sulfonylhydraZone, a semicarbaZone, a thi 
osemicarbaZone, and the like. 

Other aspects of the invention include methods for synthe 
sis of a glycoprotein by incorporating into a protein an 
unnatural amino acid that comprises a saccharide moiety. A 
glycoprotein produced by the method is also a feature of the 
invention. In certain embodiments, the incorporating step 
comprises using an orthogonal tRNA/ orthogonal aminoacyl 
tRNA synthetase (O-tRNA/O-RS) pair, Wherein the O-tRNA 
recogniZes a selector codon and incorporates the unnatural 
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4 
amino acid that comprises a saccharide moiety (e.g., a [3-O 
GlcNAc-L-serine, a tri-acetyl-[3-GlcNAc-serine, a tri-O 
acetyl-GalNAc-ot-threonine, an ot-GalNAc-L-threonine, 
and/or the like) into the protein in response to the selector 
codon, and Wherein the O-RS preferentially aminoacylates 
the O-tRNA With the unnatural amino acid. In one embodi 
ment, the incorporating step is performed in vivo. For 
example, the O-RS comprises an amino acid sequence com 
prising any one of SEQ ID NO.: 4, 5 or 6, or is encoded by a 
polynucleotide comprising a polynucleotide sequence of any 
one of SEQ ID NO.: 8, 9, or 10. Optionally, the O-tRNA 
comprises a mutRNACUATy’. These methods can further 
involve contacting the saccharide moiety With a glycosyl 
transferase, a sugar donor moiety, and other reactants 
required for glycosyltransferase activity for a su?icient time 
and under appropriate conditions to transfer a sugar from the 
sugar donor moiety to the saccharide moiety. 

In certain embodiments, the method further comprises 
contacting the product of the glycosyltransferase reaction 
With at least a second glycosyltransferase and a second sugar 
donor moiety. In one embodiment, the saccharide moiety 
comprises a terminal GlcNAc, the sugar donor moiety is 
UDP-GlcNAc and the glycosyltransferase is a [31-4-acetyl 
glucosaminyltransferase. In another embodiment, the saccha 
ride moiety comprises a terminal GlcNAc, the sugar donor 
moiety is UDP-Gal and the glycosyltransferase is a [31-4 
galactosyltransferase. Additional sugars can be added. 

In certain embodiments, a glycosyltransferase of the inven 
tion includes, but is not limited to, e.g., a galactosyltrans 
ferase, a fucosyltransferase, a glucosyltransferase, an 
N-acetylgalactosaminyltransferase, an N-acetylglucosami 
nyltransferase, a glucuronyltransferase, a sialyltransferase, a 
mannosyltransferase, a glucuronic acid transferase, a galac 
turonic acid transferase, an oligo saccharyltransferase, and the 
like. 
The invention also provides host cells (e.g., mammalian 

cells, yeast cells, bacterial cells, plant cells, fungal cells, 
archaebacterial cells, insect cells, and/or the like) that are 
useful for synthesizing a glycoprotein. These host cells con 
tain: a) an unnatural amino acid that comprises a saccharide 
moiety; b) an orthogonal tRNA that recogniZes a selector 
codon; c) an orthogonal aminoacyl tRNA synthetase (O-RS) 
that catalyZes attachment of the unnatural amino acid to the 
orthogonal tRNA; d) a polynucleotide that encodes a glyco 
syltransferase; and e) a polynucleotide sequence that encodes 
a polypeptide and comprises at least one selector codon. 

Also provided by the invention are compositions that 
include a translation system. The translation systems include 
an orthogonal tRNA (O-tRNA) and an orthogonal aminoacyl 
tRNA synthetase (O-RS), Wherein the O-RS preferentially 
aminoacylates the O-tRNA With an unnatural amino acid that 
comprises a saccharide moiety (e.g., a [3-O-GlcNAc-L 
serine, a tri-acetyl-[3-GlcNAc-serine, a tri-O-acetyl-GalNAc 
ot-threonine, an ot-GalNAc-L-threonine, and/ or the like) and 
the O-tRNA recogniZes at least one selector codon. In certain 
embodiments, the O-RS comprises an amino acid sequence 
comprising any one of SEQ ID NO.: 4, 5 or 6, or is encoded 
by a polynucleotide comprising a polynucleotide sequence of 
any one of SEQ ID NO.: 8, 9, or 10. Optionally, the O-tRNA 
comprises a mutRNACUATy’. 

Arti?cial (e.g., man-made, and not naturally occurring) 
polypeptides and polynucleotides are also features of the 
invention. For example, an arti?cial polypeptide of the inven 
tion includes, e.g., (a) a polypeptide that comprises an amino 
acid sequence as shoWn in any one of SEQ ID NO.: 4-6; (b) a 
polypeptide that comprises an amino acid sequence encoded 
by a polynucleotide sequence as shoWn in any one of SEQ ID 
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NO.: 8-10; (c) a polypeptide that is speci?cally immunoreac 
tive With an antibody speci?c for a polypeptide of (a), or (b); 
and, (d) an amino acid sequence comprising a conservative 
variation of (a), (b), or (c). Antibodies and antisera that are 
speci?cally immunoreactive With an arti?cial polypeptide of 
the invention are also provided. An arti?cial polynucleotide 
of the invention includes, e. g., (a) a polynucleotide compris 
ing a nucleotide sequence as set forth in any one of SEQ ID 
NO.: 8-10; (b) a polynucleotide that is complementary to or 
that encodes a polynucleotide sequence of (a); (c) a poly 
nucleotide encoding a polypeptide that comprises an amino 
acid sequence as set forth in any one of SEQ ID NO.: 1-6, or 
a conservative variation thereof; (d) a polynucleotide that 
encodes an arti?cial polypeptide; (e) a nucleic acid that 
hybridiZes to a polynucleotide of (a), (b), (c), or (d) under 
highly stringent conditions over substantially the entire 
length of the nucleic acid; (f) a polynucleotide that is at least 
98% identical to a polynucleotide of (a), (b), (c), (d), or (e); 
and, (h) a polynucleotide comprising a conservative variation 
of (a), (b), (C), (d), (e), Or (0 

DEFINITIONS 

Before describing the invention in detail, it is to be under 
stood that this invention is not limited to particular devices or 
biological systems, Which can, of course, vary. It is also to be 
understood that the terminology used herein is for the purpose 
of describing particular embodiments only, and is not 
intended to be limiting. As used in this speci?cation and the 
appended claims, the singular forms “a”, “an” and “the” 
include plural referents unless the content clearly dictates 
otherWise. Thus, for example, reference to “a cell” includes a 
combination of tWo or more cells; reference to “bacteria” 
includes mixtures of bacteria, and the like. 

Orthogonal: As used herein, the term “orthogonal” refers to 
a molecule (e.g., an orthogonal tRNA (O-tRNA) and/or an 
orthogonal aminoacyl tRNA synthetase (O-RS)) that is used 
With reduced ef?ciency by a corresponding molecule that is 
endogenous to a cell or other translation system. Orthogonal 
refers to the inability or reduced ef?ciency, e. g., less than 20% 
e?iciency, less than 10% e?iciency, less than 5% ef?ciency, 
or less than 1% e?iciency, of an orthogonal tRNA to function 
With an endogenous tRNA synthetase, or of an orthogonal RS 
to function With an endogenous tRNA in the translation sys 
tem of interest. For example, an orthogonal tRNA in a trans 
lation system of interest is aminoacylated by any endogenous 
RS of a translation system of interest With reduced or even 
Zero ef?ciency, When compared to aminoacylation of an 
endogenous tRNA by the endogenous RS. In another 
example, an orthogonal RS aminoacylates any endogenous 
tRNA in the translation system of interest With reduced or 
even Zero e?iciency, as compared to aminoacylation of the 
endogenous tRNA by an endogenous RS. 

Preferentially aminoacylates: The term “preferentially 
aminoacylates” refers to an ef?ciency of, e.g., about 70% 
e?iciency, about 75% e?iciency, about 85% ef?ciency, about 
90% e?iciency, about 95% e?iciency, or e.g., about 99% or 
more ef?ciency, at Which an O-RS aminoacylates an O-tRNA 
With an unnatural amino acid compared to a naturally occur 
ring tRNA or starting material used to generate the O-tRNA. 
The unnatural amino acid is then incorporated into a groWing 
polypeptide chain With high ?delity, e. g., at greater than about 
75% ef?ciency for a given selector codon, at greater than 
about 80% e?iciency for a given selector codon, at greater 
than about 90% ef?ciency for a given selector codon, at 
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6 
greater than about 95% e?iciency for a given selector codon, 
or at greater than about 99% or more e?iciency for a given 
selector codon. 

Selector codon: The term “selector codon” refers to codons 
recogniZed by an O-tRNA in the translation process and not 
typically recogniZed by an endogenous tRNA. The O-tRNA 
anticodon loop recogniZes the selector codon on the mRNA 
and incorporates its amino acid, e.g., an unnatural amino acid, 
at this site in the polypeptide. Selector codons can include, 
e.g., nonsense codons, such as stop codons, e.g., amber, 
ochre, and opal codons; four or more base codons; codons 
derived from natural or unnatural base pairs and/ or the like. 
For a given system, a selector codon can also include one of 
the natural three base codons, Wherein the endogenous sys 
tem does not use said natural three base codon, e. g., a system 
that is lacking a tRNA that recogniZes the natural three base 
codon or a system Wherein the natural three base codon is a 
rare codon. 

Suppressor tRNA: A suppressor tRNA is a tRNA that alters 
the reading of a messenger RNA (mRNA) in a given transla 
tion system. A suppressor tRNA can read through, e.g., a stop 
codon, a four base codon, a rare codon, and/or the like. 

Translation system: The term “translation system” refers to 
the components necessary to incorporate a naturally occur 
ring amino acid into a groWing polypeptide chain (protein). 
Components of a translation system can include, e.g., ribo 
somes, tRNAs, synthetases, mRNA and the like. The compo 
nents of the invention can be added to a translation system, in 
vivo or in vitro. A translation system can be a cell, either 
prokaryotic, e.g., an E. coli cell, Archael cell, etc. or eukary 
otic, e.g., a yeast, mammalian, plant, insect cell, etc. 

Unnatural amino acid: As used herein, the term “unnatural 
amino acid” refers to any amino acid, modi?ed amino acid, 
and/or amino acid analogue that is not one of the 20 naturally 
occurring amino acids or seleno cysteine or pyrrolysine. 

Saccharide moiety: As used herein, the term “saccharide 
moiety” refers to natural and unnatural sugar moieties (i.e., a 
non-naturally occurring sugar moiety, e.g., a sugar moiety 
that is modi?ed, e.g., at one or more hydroxyl or amino 
positions, e.g., dehydroxylated, deaminated, esteri?ed, etc., 
e.g., 2-deoxyGal is an example of an unnatural sugar moiety). 
The term “carbohydrate” has the general formula (CH2O)n, 
and includes, but is not limited to, e.g., monosaccharides, 
disaccharides, oligosaccharides and polysaccharides. Oli 
gosaccharides are chains composed of saccharide units, 
Which are alternatively knoWn as sugars. Saccharide units can 
be arranged in any order and the linkage betWeen tWo saccha 
ride units can occur in any of approximately ten different 
Ways. 
The folloWing abbreviations are used herein: 
Ara:arabinosyl; 
Fru:fructosyl; 

Gal:galactosyl; 
GalNAc:N-acetylgalactosaminyl; 
Glc:glucosyl; 
GlcNAc:N-acetylglucosaminyl; 
Man:manno syl; and 
NeuAc:sialyl (typically N-acetylneuraminyl). 
Oligosaccharides are considered to have a reducing end 

and a non-reducing end, Whether or not the saccharide at the 
reducing end is in fact a reducing sugar. In accordance With 
accepted nomenclature, oligosaccharides are depicted herein 
With the non-reducing end on the left and the reducing end on 
the right. All oligosaccharides described herein are described 
With the name or abbreviation for the non-reducing saccha 
ride (e.g., Gal), folloWed by the con?guration of the glyco 
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sidic bond (0. or [3), the ring bond, the ring position of the 
reducing saccharide involved in the bond, and then the name 
or abbreviation of the reducing saccharide (e.g., GlcNAc). 
The linkage betWeen tWo sugars may be expressed, for 
example, as 2,3, 2—>3, 2-3, or (2,3). Natural and unnatural 
linkages (e.g., 1-2, 1-3, 1-4, 1-6, 2-3, 2-4, 2-6, etc.) betWeen 
tWo sugars are included in the invention. Each saccharide is a 
pyranose. 

The term “sialic acid” (abbreviated “Sia”) refers to any 
member of a family of nine-carbon carboxylated sugars. The 
most common member of the sialic acid family is N-acetyl 
neuraminic acid (2-keto-5-acetamido-3,5-dideoxy-D-glyc 
ero-D-galactononulopyranos-1-onic acid) (often abbreviated 
as Neu5Ac, NeuAc, or NANA). A second member of the 
family is N-glycolyl-neuraminic acid (N eu5Gc or NeuGc), in 
Which the N-acetyl group of NeuAc is hydroxylated. A third 
sialic acid family member is 2-keto-3-deoxy-nonulosonic 
acid (KDN) (Nadano et al. (1986) .1. Biol. Chem. 261: 11550 
11557; Kanamori et al. (1990) J. Biol. Chem. 265: 21811 
21819. Also included are 9-substituted sialic acids such as a 
9-OiCl-C6 acyl-Neu5Ac like 9-O-lactyl-Neu5Ac or 9-O 
acetyl-Neu5Ac, 9-deoxy-9-?uoro-Neu5Ac and 9-aZido-9 
deoxy-Neu5Ac. For revieW of the sialic acid family, see, e.g., 
Varki (1992) Glycobiology 2: 25-40; SialicAcids: Chemistry, 
Metabolism and Function, R. Schauer, Ed. (Springer-Verlag, 
NeW York (1992). The synthesis and use of sialic acid com 
pounds in a sialylation procedure is described in, for example, 
international application WO 92/ 16640, published Oct. 1, 
1 992. 
Donor substrates for glycosyltransferases are activated 

nucleotide sugars. Such activated sugars generally consist of 
uridine and guanosine diphosphate, and cytidine monophos 
phate, derivatives of the sugars in Which the nucleoside 
diphosphate or monophosphate serves as a leaving group. 
Bacterial, plant, and fungal systems can sometimes use other 
activated nucleotide sugars. 

Unless otherWise de?ned herein or beloW in the remainder 
of the speci?cation, all technical and scienti?c terms used 
herein have the same meaning as commonly understood by 
those of ordinary skill in the art to Which the invention 
belongs. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 schematically illustrates examples of tWo schemes 
(a sequential route and a convergent route) for attaching a 
saccharide moiety to a polypeptide that includes an unnatural 
amino acid. 

FIG. 2 illustrates HPLC analysis of the coupling reaction 
betWeen aminooxy saccharide 1 (of FIG. 1) and mutant Z 
domain protein I (of FIG. 1) containing p-acetyl-L-phenyla 
lanine at 7 hours and 26 hours. 

FIG. 3 illustrates high-resolution MALDI-FTICR MS 
spectra of mutant Z domain protein I (of FIG. 1), glycoprotein 
mimetics II, III, and IV (of FIG. 1). The 2+ isotopic cluster of 
each spectrum is shoWn. 

FIG. 4 illustrates expression of the Gly4—>A mutant myo 
globin (~18.5 kD). Proteins Were puri?ed by Ni2+-a?inity 
chromatography and resolved by SDS-PAGE. The gel Was 
silver-stained. 

FIG. 5 illustrates MALDI-TOF analysis of the molecular 
Weight of the Gly4—>A mutant myoglobin. 

FIG. 6, Panel A, B and C illustrate characterization of the 
puri?ed mutant myoglobin containing a glycosylated amino 
acid. Panel A illustrates binding of a GlcNAc-speci?c lectin, 
Banderiraea simplicifolia II (BSII), to Wild-type myoglobin 
and glycomyoglobin. Panel B illustrates on-blot galactosyl 
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8 
transferase labeling glycomyoglobin With UDP-[H3]galac 
tose. Panel C illustrates quantitative analysis of the galacto 
syltransferase reaction, Which Was carried out in solution, and 
the radiolabeled galactose Was normalized such that 1.0 cor 
responds to 100% transfer. 

DETAILED DESCRIPTION 

Posttranslational modi?cations of proteins regulate many 
biological processes, including metabolism, signal transduc 
tion, and gene expression. The synthetic challenges associ 
ated With generating homogeneous populations of selectively 
modi?ed proteins, hoWever, have hindered detailed studies of 
the effects of these modi?cations on protein structure and 
function. For example, glycosylation is one of the most com 
mon post-translational modi?cations of proteins in eukary 
otes and affects a Wide range of protein functions from fold 
ing and secretion to biomolecular recogniZation and serum 
half life. See, e.g., R. A. DWek, (1996) Chem. Rev. 96:683. 
While there have been signi?cant advances in our under 
standing of the effects of glycosylation, the speci?c roles of 
oligosaccharide chains and the relationships betWeen their 
structures and functions are just beginning to be understood. 
See, e.g, C. R. BertoZZi, & L. L. Kiessling, (2001) Science 
291:2357. The primary challenge is that glycoproteins are 
typically produced as a mixture of glycoforms, making it 
dif?cult to isolate unique glycoforms from natural sources. A 
variety of methods have been developed to synthesiZe struc 
turally de?ned glycoforms, but all impose severe restrictions 
on the siZe, quantity, and/or quality of the glycoprotein pro 
duced. See, e.g., P. Sears, & C. H. Wong, (2001) Science 
291 :2344; M. Wacker et al., (2002) Science 298: 1790; B. G. 
Davis, (2002) Chem. Rev. 102:579; and, H. C. Hang, & C. R. 
BertoZZi, (2001) Acc. Chem. Res. 34:727. The invention 
solves this and other problems, and provides glycoproteins 
and glycoprotein mimetics, and methods for synthesis of 
glycoproteins having desired glycosylation patterns. The gly 
coproteins and glycoprotein mimetics of the invention have 
utility in producing homogeneous glycoforms of therapeutic 
glycoproteins and/or facilitating the studies on the structures 
and functions of glycosylated proteins. 

Glycosylation 
The invention provides methods for synthesiZing glyco 

proteins. In certain embodiments, these methods involve 
incorporating into the protein an unnatural amino acid that 
comprises a ?rst reactive group; and reacting the ?rst reactive 
group With a second reactive group that is attached to a 
saccharide moiety, thereby forming a covalent bond and 
attaching the saccharide moiety to the protein. 
A Wide variety of suitable reactive groups are knoWn to 

those of skill in the art. Such suitable reactive groups can 
include, for example, amino, hydroxyl, carboxyl, carboxy 
late, carbonyl, alkenyl, alkynyl, aldehyde, ester, ether (e.g. 
thio-ether), amide, amine, nitrile, vinyl, sul?de, sulfonyl, 
phosphoryl, or similarly chemically reactive groups. Addi 
tional suitable reactive groups include, but are not limited to, 
maleimide, N hydroxysuccinimide, sulfo-N-hydroxysuccin 
imide, nitrilotriacetic acid, activated hydroxyl, haloacetyl 
(e.g., bromoacetyl, iodoacetyl), activated carboxyl, 
hydraZide, epoxy, aZiridine, sulfonylchloride, tri?uorometh 
yldiaZiridine, pyridyldisul?de, N-acyl-imidaZole, imidaZole 
carbamate, vinylsulfone, succinimidylcarbonate, arylaZide, 
anhydride, diaZoacetate, benZophenone, isothiocyanate, iso 
cyanate, imidoester, ?uorobenZene, biotin and avidin. 

In some embodiments, one of the reactive groups is an 
electrophilic moiety, and the second reactive group is a 
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nucleophilic moiety. Either the nucleophilic moiety or the 
electrophilic moiety can be attached to the side chain of the 
unnatural amino acid; the corresponding group is then 
attached to the saccharide moiety. Suitable electrophilic moi 
eties that react With nucleophilic moieties to form a covalent 
bond are knoWn to those of skill in the art. Such electrophilic 
moieties include, but are not limited to, e.g., carbonyl group, 
a sulfonyl group, an aldehyde group, a ketone group, a hin 
dered ester group, a thioester group, a stable imine group, an 
epoxide group, an aZiridine group, etc. Suitable nucleophilic 
moieties that can react With electrophilic moiety are knoWn to 
those of skill in the art. Such nucleophiles include, for 
example, aliphatic or aromatic amines, such as ethylenedi 
amine. In other embodiments, the reactive group is iNRli 
NH2 (hydraZide), iNRl(C:O)NR2NH2 (semicarbaZide), 
iNRl(C:S)NR2NH2 (thiosemicarbaZide), i(C:O) 
NRlNH2 (carbonylhydraZide), i(C:S)NRlNH2 (thiocar 
bonylhydraZide), i(SO2)NRlNH2 (sulfonylhydraZide), 
iNRlNR2(C:O)NR3NH2 (carbaZide), iNRlNR2(C:S) 
NR3NH2 (thiocarbaZide), 4OiNH2 (hydroxylamine), and/ 
or the like, Where each R1, R2, and R3 is independently H, or 
an alkyl moiety having 1-6 carbons, preferably H. In one 
aspect of the invention, the reactive group is a hydraZide, 
hydroxylamine, semicarbaZide, carbohydraZide, a sulfonyl 
hydraZide, or the like. 

The product of the reaction betWeen the nucleophile and 
the electrophilic moiety typically incorporates the atoms 
originally present in the nucleophilic moiety. Typical link 
ages obtained by reacting the aldehydes or ketones With the 
nucleophilic moieties include reaction products such as an 
oxime, an amide, a hydraZone, a reduced hydraZone, a car 
bohydraZone, a thiocarbohydraZone, a sulfonylhydraZone, a 
semicarbaZone, a thiosemicarbaZone, or similar functional 
ity, depending on the nucleophilic moiety used and the elec 
trophilic moiety (e. g., aldehyde, ketone, and/ or the like) that 
is reacted With the nucleophilic moiety. Linkages With car 
boxylic acids are typically referred to as carbohydraZides or 
as hydroxamic acids. Linkages With sulfonic acids are typi 
cally referred to as sulfonylhydraZides or N-sulfonylhy 
droxylamines. The resulting linkage can be subsequently sta 
biliZed by chemical reduction. 

In certain embodiments, the glycoprotein is synthesiZed by 
incorporating an unnatural amino acid, to Which is attached a 
saccharide moiety, into a polypeptide. For example, an 
orthogonal O-tRNA/O-RS can be utiliZed that incorporates 
the unnatural amino acid With the saccharide moiety into a 
groWing polypeptide chain in response to a selector codon. 
See, e.g., section herein entitled “Preparation of Proteins 
Having an Unnatural Amino Acid.” 

Glycosyltransferases 
The invention provides methods in Which an amino acid 

linked saccharide moiety or an unnatural amino acid that 
includes a saccharide moiety is further glycosylated. These 
glycosylation steps are preferably carried out enZymatically 
using, for example, a glycosyltransferase, glycosidase, or 
other enZyme knoWn to those of skill in the art. In some 
embodiments, a plurality of enZymatic steps are carried out in 
a single reaction mixture that contains tWo or more different 
glycosyltransferases. For example, one can conduct a galac 
tosylating and a sialylating step simultaneously by including 
both sialyltransferase and galactosyltransferase in the reac 
tion mixture. 

For enZymatic saccharide syntheses that involve glycosyl 
transferase reactions, the recombinant cells of the invention 
optionally contain at least one heterologous gene that encodes 
a glycosyltransferase. Many glycosyltransferases are knoWn, 
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10 
as are their polynucleotide sequences. See, e.g., “The WWW 
Guide To Cloned Glycosyltransferases,” (available on the 
World Wide Web at vei.co.uk forWard slash TGN forWard 
slash gt guide(dot)htm). Glycosyltransferase amino acid 
sequences and nucleotide sequences encoding glycosyltrans 
ferases from Which the amino acid sequences can be deduced 
are also found in various publicly available databases, includ 
ing GenBank, SWiss-Prot, EMBL, and others. 

Glycosyltransferases that can be employed in the cells of 
the invention include, but are not limited to, galactosyltrans 
ferases, ?lcosyltransferases, glucosyltransferases, N-acetyl 
galactosaminyltransferases, N-acetylglucosaminyltrans 
ferases, glucuronyltransferases, sialyltransferases, 
mannosyltransferases, glucuronic acid transferases, galactu 
ronic acid transferases, oligosaccharyltransferases, and the 
like. Suitable glycosyltransferases include those obtained 
from eukaryotes, as Well as from prokaryotes. 
An acceptor for the glycosyltransferases Will be present on 

the glycoprotein to be modi?ed by the methods of the inven 
tion. Suitable acceptors, include, for example, galactosyl 
acceptors such as Gal[3 l ,4GalNAc-, Gal[3l,3GalNAc-, lacto 
N-tetraose-, Gal[3l,3GlcNAc-, Gal[3l,4GlcNAc-, Gal[3l, 
3Ara-, Gal[3l,6GlcNAc-, and Gal[3l,4Glc-(lactose). Other 
acceptors knoWn to those of skill in the art (see, e.g., Paulson 
et al. (1978) J. Biol. Chem. 253: 5617-5624). Typically, the 
acceptors form part of a saccharide moiety chain that is 
attached to the glycoprotein. 
Enzyme amounts or concentrations are expressed in activ 

ity Units, Which is a measure of the initial rate of catalysis. 
One activity Unit catalyZes the formation of l umol of prod 
uct per minute at a given temperature (typically 37° C.) and 
pH value (typically 7.5). Thus, 10 Units of an enzyme is a 
catalytic amount of that enZyme where 10 umols of substrate 
are converted to 10 umol of product in one minute at a tem 
perature of37o C. and a pH value of7.5. The enZymes can be 
utiliZed free in solution or can be bound to a support such as 
a polymer. The reaction mixture is thus substantially homo 
geneous at the beginning, although some precipitate can form 
during the reaction. 
The glycosylation reactions include, in addition to the 

appropriate glycosyltransferase and acceptor, an activated 
nucleotide sugar that acts as a sugar donor for the glycosyl 
transferase. The reactions can also include other ingredients 
that facilitate glycosyltransferase activity. These ingredients 
can include a divalent cation (e. g., Mg+2 or Mn”), materials 
necessary for ATP regeneration, phosphate ions, and organic 
solvents. The concentrations or amounts of the various reac 
tants used in the processes depend upon numerous factors 
including reaction conditions such as temperature and pH 
value, and the choice and amount of acceptor saccharides to 
be glycosylated. The reaction medium may also comprise 
solubiliZing detergents (e.g., Triton or SDS) and organic sol 
vents such as methanol or ethanol, if necessary. 

Oligo saccharides produced using the methods of the inven 
tion can be analyZed by methods that are knoWn to those of 
skill in the art. For example, the carbohydrate units can be 
released from the carbohydrate moieties by alkaline [3-elimi 
nation, for example, and separated from the polypeptide by 
gel ?ltration. The resulting oligosaccharides are then sepa 
rated from each other using a one or more standard tech 
niques, such as of gel ?ltration, HPLC, thin layer chromatog 
raphy, and ion exchange chromatography, or a combination 
thereof, and canbe fully analyZed. Complete structural analy 
sis of the puri?ed oligosaccharide units requires the determi 
nation of the monosaccharide units, their ring form, con?gu 
ration (D or L), anomeric linkage (O. or [3), the positions of the 
linkages betWeen the sugars and their sequence. In addition, 
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the position of any substituent groups are established. Methy 
lation analysis can be used to determine the positions of the 
glycosidic linkages betWeen the monosaccharides. The ano 
meric con?guration of the sugar residues can be addressed 
using, e.g., 1H NMR spectroscopy. The conditions and meth 
ods used to perform a complete structural carbohydrate 
analysis are described generally in Beeley, Laboratory Tech 
niques in Biochemistry and Molecular Biology, eds. Burdon 
and Knippenberg, Elsevier, Amsterdam (1985), Hounsell, 
“Glycoanalysis Protocols”, Meth. Mol. Biol. Vol. 76, 1998, 
and El Rassi, CarbohydrateAnalysis: High Performance Liq 
uid Chromatography and Capillary Electrophoresis, Elsevier 
Science Ltd, Vol. 58 (1994). 

Additional techniques to fully characteriZe the sugars of an 
oligosaccharide include FAB-MS (fast atom bombardment 
mass spectrometry), HPAE (high pH anion exchange chro 
matography) and NMR (nuclear magnetic resonance spec 
troscopy, particularly 1H-NMR and 13 C-NMR). These 
techniques are complementary. Examples of hoW these tech 
niques are used to fully characterize the structure of an oli 
gosaccharide can be found in the analysis by Spellman et al., 
(1989) J. Biol. Chem. 264: 14100, and Stanley et al. (1988) J. 
Biol. Chem. 263: 11374. Other methods include positive ion 
fast atom bombardment mass spectroscopy (FAB-MS) and 
methylation analysis by gas chromatography-electron impact 
mass spectroscopy (GC/EI-MS) (see EPO Application No. 
893051532). 
In Vivo Synthesis of Glycoproteins 

To synthesiZe a glycoprotein in vivo, one can introduce into 
an expression vector a polynucleotide that encodes a polypep 
tide of interest. The polynucleotide also includes one or more 
selector codons at the positions at Which attachment of a 
saccharide moiety is desired. The expression vector is intro 
duced into a host cell that includes an unnatural amino acid, 
e.g., an unnatural amino acid comprising a moiety Where a 
saccharide moiety can be attached, such as an aldehyde- or 
keto-derivatiZed amino acid, or an unnatural amino acid that 
includes a saccharide moiety; an orthogonal tRNA that rec 
ogniZes the selector codon; and an orthogonal aminoacyl 
tRNA synthetase (O-RS) that catalyZes attachment of the 
unnatural amino acid to the orthogonal tRNA. The O-RS 
attaches the unnatural amino acid to the orthogonal tRNA, 
Which then introduces the unnatural amino acid into the 
nascent protein. 

In some embodiments, the host cell further includes one or 
more polynucleotides that encode glycosyltransferases. Such 
host cells can catalyZe the addition of one or more sugars to 
the saccharide moiety that is attached to the unnatural amino 
acid. 

Several Well-knoWn methods of introducing target nucleic 
acids into bacterial cells are available, any of Which can be 
used in the invention. These include: fusion of the recipient 
cells With bacterial protoplasts containing the DNA, elec 
troporation, projectile bombardment, and infection With viral 
vectors, etc. Bacterial cells can be used to amplify the number 
of plasmids containing DNA constructs of this invention. The 
bacteria are groWn to log phase and the plasmids Within the 
bacteria can be isolated by a variety of methods knoWn in the 
art (see, for instance, Sambrook, infra). In addition, a plethora 
of kits are commercially available for the puri?cation of plas 
mids from bacteria, (see, e.g., EasyPrepTM, FlexiPrepTM, both 
from Pharmacia Biotech; StrataCleanTM, from Stratagene; 
and, QIAprepTM from Qiagen). The isolated and puri?ed plas 
mids are then further manipulated to produce other plasmids, 
used to transfect cells or incorporated into related vectors to 
infect organisms. 
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The engineered host cells can be cultured in conventional 

nutrient media modi?ed as appropriate for such activities as, 
for example, screening steps, activating promoters or select 
ing transformants. These cells can optionally be cultured into 
transgenic organisms. 

Other useful references, eg for cell isolation and culture 
(e.g., for subsequent nucleic acid isolation) include Freshney 
(1994) Culture ofAnimal Cells, a Manual ofBasic Technique, 
third edition, Wiley-Liss, NeW York and the references cited 
therein; Payne et al. (1992) Plant Cell and Tissue Culture in 
Liquid Systems, John Wiley & Sons, Inc. NeW York, NY; 
Gamborg and Phillips (eds) (1995) Plant Cell, Tissue and 
Organ Culture; Fundamental Methods Springer Lab Manual, 
Springer-Verlag (Berlin Heidelberg NeW York) and Atlas and 
Parks (eds) The Handbook ofMicrobiological Media (1993) 
CRC Press, Boca Raton, Fla. 

General texts Which describe molecular biological tech 
niques include Berger and Kimmel, Guide to Molecular 
Cloning Techniques. Methods in Enzymology volume 152 
Academic Press, Inc., San Diego, Calif. (Berger); Sambrook 
et al., Molecular CloningiA Laboratory Manual (3rd Ed.), 
Vol. 1-3, Cold Spring Harbor Laboratory, Cold Spring Har 
bor, NY, 2001 (“Sambrook”) and Current Protocols in 
Molecular Biology F. M. Ausubel et al., eds., Current Proto 
cols, a joint venture betWeen Greene Publishing Associates, 
Inc. and John Wiley & Sons, Inc., (supplemented through 
2003) (“Ausubel”)). These texts describe mutagenesis, the 
use of vectors, promoters and many other relevant topics 
related to, e.g., the generation of genes that include selector 
codons for production of proteins that include unnatural 
amino acids, orthogonal tRNAs, orthogonal synthetases, and 
pairs thereof. 

Preparation of Proteins Having an Unnatural Amino Acid 
Features of the invention include producing glycoproteins 

that include an unnatural amino acid, e. g., an unnatural amino 
acid comprising a moiety Where a saccharide moiety can be 
attached, or an unnatural amino acid that includes a saccha 
ride moiety. In certain embodiments, the invention involves 
producing glycoproteins that include one or more unnatural 
amino acids to Which are attached suitable reactive groups 
that can form a covalent bond When reacted With a second 
reactive group. In some embodiments, the unnatural amino 
acids comprise an electrophilic moiety, e.g., aldehyde- or 
keto -derivatiZed amino acids, and the aldehyde- or keto -moi 
eties are reacted With a nucleophilic moiety to attach a sac 
charide moiety to the polypeptide or protein. The unnatural 
amino acid-containing proteins are synthesiZed by cells in 
Which the protein biosynthetic machinery has been altered to 
accommodate additional genetically encoded amino acids 
using orthogonal tRNA/aminoacyl tRNA synthetase 
(O-tRNA/O-RS) pairs. In particular, the cells include an 
orthogonal tRNA that recogniZes a selector codon (e. g., stop 
codons, four base codons, and the like), and an orthogonal 
aminoacyl tRNA synthetase that can attach an aldehyde- or 
keto-derivatiZed amino acid to the orthogonal tRNA. 

In certain embodiments, the invention involves producing 
glycoproteins that include one or more unnatural amino acids 
that includes a saccharide moiety. The unnatural amino acid 
containing proteins are synthesiZed by cells in Which the 
protein bio synthetic machinery has been altered to accommo 
date additional genetically encoded amino acids using 
orthogonal tRNA/aminoacyl tRNA synthetase (O-tRNA/O 
RS) pairs. In particular, the cells include an orthogonal tRNA 
that recogniZes a selector codon (e. g., stop codons, four base 
codons, and the like), and an orthogonal aminoacyl tRNA 
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synthetase that can attach the unnatural amino acid With the 
saccharide moiety to the orthogonal tRNA. 

This technology alloWs the site-speci?c incorporation of 
the unnatural amino acids directly into proteins in vivo. 
Importantly, the unnatural amino acid is added to the genetic 
repertoire, rather than substituting for one of the common 20 
amino acids. The protein can have one or multiple (the same 
or different) unnatural amino acids at a particular position in 
the protein. Unlike earlier methods for derivatiZing proteins, 
the use of O-tRNA/O-RS pairs alloWs one to make proteins 
having an unnatural amino acid at only one of the locations at 
Which a particular amino acid occurs in a protein, if desired, 
rather than derivatiZing that particular amino acid at each 
location at Which it occurs in a protein. 

To make a glycoprotein, one can use host cells and organ 
isms that are adapted for the in vivo incorporation of the 
unnatural amino acid via orthogonal tRNA/RS pairs. Host 
cells are genetically engineered (e.g., transformed, trans 
duced or transfected) With one or more vectors that express 
the orthogonal tRNA, the orthogonal tRNA synthetase, and a 
vector that encodes the protein to be derivatiZed. Each of 
these components can be on the same vector, or each can be on 
a separate vector, tWo components can be on one vector and 
the third component on a second vector. The vector can be, for 
example, in the form of a plasmid, a bacterium, a virus, a 
naked polynucleotide, or a conjugated polynucleotide. 

The coding regions for the orthogonal tRNA, the orthogo 
nal tRNA synthetase, and the protein to be derivatiZed are 
operably linked to gene expression control elements that are 
functional in the desired host cell. Typical vectors contain 
transcription and translation terminators, transcription and 
translation initiation sequences, and promoters useful for 
regulation of the expression of the particular target nucleic 
acid. The vectors optionally comprise generic expression cas 
settes containing at least one independent terminator 
sequence, sequences permitting replication of the cassette in 
eukaryotes, or prokaryotes, or both (e. g., shuttle vectors) and 
selection markers for both prokaryotic and eukaryotic sys 
tems. Vectors are suitable for replication and/ or integration in 
prokaryotes, eukaryotes, or preferably both. See Giliman & 
Smith, Gene 8:81 (1979); Roberts, et al., Nature, 328:731 
(1987); Schneider, B., et al., Protein Expr Purif 6435: 10 
(1995); Berger and Kimmel, supra; Sambrook, supra, and 
Ausubel, supra. A catalogue of Bacteria and Bacteriophages 
useful for cloning is provided, e.g., by the ATCC, e.g., The 
ATCC Catalogue of Bacteria and Bacteriophage (1992) 
Gherna et al. (eds) published by the ATCC. Additional basic 
procedures for sequencing, cloning and other aspects of 
molecular biology and underlying theoretical considerations 
are also found in Watson et al. (1992) Recombinant DNA 
Second Edition Scienti?c American Books, NY. Proteins and 
Polypeptides of Interest. 

For example, methods for producing glycoproteins include 
groWing, in an appropriate medium, the cell, Where the cell 
comprises a nucleic acid that comprises at least one selector 
codon and encodes a protein, providing an unnatural amino 
acid, e.g., an unnatural amino acid comprising a moiety 
Where a saccharide moiety can be attached, or an unnatural 
amino acid that includes a saccharide moiety, and incorporat 
ing the unnatural amino acid into the speci?ed position in the 
protein during translation of the nucleic acid With the at least 
one selector codon, thereby producing the protein. The cell 
further comprises: an orthogonal -tRNA (O-tRNA) that func 
tions in the cell and recogniZes the selector codon; and, an 
orthogonal aminoacyl-tRNA synthetase (O-RS) that prefer 
entially aminoacylates the O-tRNA With the unnatural amino 
acid, e.g., an unnatural amino acid comprising a moiety 
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Where a saccharide moiety can be attached, or an unnatural 
amino acid that includes a saccharide moiety. The publication 
WO 2002/085923, entitled “IN VIVO INCORPORATION 
OF UNNATURAL AMINO ACIDS” describes this process 
and is incorporated herein by reference. For example, When 
an O-tRNA/O-RS pair is introduced into a host the pair leads 
to the in vivo incorporation of unnatural amino acid, e.g., an 
unnatural amino acid comprising a moiety Where a saccharide 
moiety can be attached, or an unnatural amino acid that 
includes a saccharide moiety, Which can be exogenously 
added to the groWth medium, into a protein, in response to a 
selector codon. Optionally, the compositions of the invention 
can be in an in vitro translation system, or in an in vivo 
system(s). See also corresponding application entitled “Site 
Speci?c Incorporation of Keto Amino Acids into Proteins,” 
?led Oct. 15, 2003, International Application Number PCT/ 
US03/ 32576, Which is incorporated by reference. 
A cell of the invention provides the ability to synthesiZe or 

produce glycoproteins in large useful quantities. In one 
aspect, the composition optionally includes, e.g., at least 10 
micrograms, at least 50 micrograms, at least 75 micrograms, 
at least 100 micrograms, at least 200 micrograms, at least 250 
micrograms, at least 500 micrograms, at least 1 milligram, at 
least 10 milligrams or more of the glycoprotein, or an amount 
that can be achieved With in vivo protein production methods 
(details on recombinant protein production and puri?cation 
are provided herein). In another aspect, the protein is option 
ally present in the composition at a concentration of, e.g., at 
least 10 micrograms of protein per liter, at least 50 micro 
grams of protein per liter, at least 75 micrograms of protein 
per liter, at least 100 micrograms of protein per liter, at least 
200 micrograms of protein per liter, at least 250 micrograms 
of protein per liter, at least 500 micrograms of protein per 
liter, at least 1 milligram of protein per liter, or at least 10 
milligrams of protein per liter or more, in, e. g., a cell lysate, a 
buffer, a pharmaceutical buffer, or other liquid suspension 
(e.g., in a volume of, e.g., anyWhere from about 1 nl to about 
100 L). The production of large quantities (e.g., greater that 
that typically possible With other methods, e. g., in vitro trans 
lation) of a protein in a cell including at least one unnatural 
amino acid, e.g., an unnatural amino acid comprising a moi 
ety Where a saccharide moiety can be attached, or an unnatu 
ral amino acid that includes a saccharide moiety is a feature of 
the invention. 
The incorporation of an unnatural amino acid, e.g., an 

unnatural amino acid comprising a moiety Where a saccharide 
moiety can be attached, or an unnatural amino acid that 
includes a saccharide moiety, can be done to, e.g., tailor 
changes in protein structure and/or function, e.g., to change 
siZe, acidity, nucleophilicity, hydrogen bonding, hydropho 
bicity, accessibility of protease target sites, target access to a 
protein moiety, etc. Proteins that include an unnatural amino 
acid, e.g., an unnatural amino acid comprising a moiety 
Where a saccharide moiety can be attached, or an unnatural 
amino acid that includes a saccharide moiety, can have 
enhanced, or even entirely neW, catalytic or physical proper 
ties. For example, the folloWing properties are optionally 
modi?ed by inclusion of an unnatural amino acid, e.g., an 
unnatural amino acid comprising a moiety Where a saccharide 
moiety can be attached, or an unnatural amino acid that 
includes a saccharide moiety into a protein: toxicity, biodis 
tribution, structural properties, spectroscopic properties, 
chemical and/or photochemical properties, catalytic ability, 
half-life (e.g., serum half-life), ability to react With other 
molecules, e.g., covalently or noncovalently, and the like. The 
compositions including proteins that include at least one 
unnatural amino acid, e.g., an unnatural amino acid compris 
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ing a moiety Where a saccharide moiety can be attached, or an 
unnatural amino acid that includes a saccharide moiety are 
useful for, e.g., novel therapeutics, diagnostics, catalytic 
enzymes, industrial enzymes, binding proteins (e.g., antibod 
ies), and e. g., the study of protein structure and function. See, 
e.g., Dougherty, (2000) UnnaturalAmino Acids as Probes of 
Protein Structure and Function, Current Opinion in Chemi 
cal Biology, 41645-652. 

In one aspect of the invention, a composition includes at 
least one protein With at least one, e.g., at least tWo, at least 
three, at least four, at least ?ve, at least six, at least seven, at 
least eight, at least nine, or at least ten or more unnatural 
amino acids, e. g., an unnatural amino acid comprising a moi 
ety Where a saccharide moiety can be attached, or an unnatu 
ral amino acid that includes a saccharide moiety, and/or 
Which include another unnatural amino acid. The unnatural 
amino acids can be the same or different, e.g., there can be 1, 
2, 3, 4, 5, 6, 7, 8, 9, or 10 or more different sites in the protein 
that comprise l, 2, 3, 4, 5, 6, 7, 8, 9, or 10 or more different 
unnatural amino acids. In another aspect, a composition 
includes a protein With at least one, but feWer than all, of a 
particular amino acid present in the protein substituted With 
the unnatural amino acid, e. g., an unnatural amino acid com 
prising a moiety Where a saccharide moiety can be attached, 
or an unnatural amino acid that includes a saccharide moiety. 
For a given protein With more than one unnatural amino acids, 
the unnatural amino acids can be identical or different (e.g., 
the protein can include tWo or more different types of unnatu 
ral amino acids, or can include tWo of the same unnatural 
amino acid). For a given protein With more than tWo unnatural 
amino acids, the unnatural amino acids can be the same, 
different, or a combination of multiple unnatural amino acids 
of the same kind With at least one different unnatural amino 
acid. 

Essentially any protein (or portion thereof) that includes an 
unnatural amino acid, e.g., an unnatural amino acid compris 
ing a moiety Where a saccharide moiety is attached, such as an 
aldehyde- or keto-derivatiZed amino acid, or an unnatural 
amino acid that includes a saccharide moiety (and any corre 
sponding coding nucleic acid, e.g., Which includes one or 
more selector codons) can be produced using the composi 
tions and methods herein. No attempt is made to identify the 
hundreds of thousands of knoWn proteins, any of Which can 
be modi?ed to include one or more unnatural amino acid, e. g., 
by tailoring any available mutation methods to include one or 
more appropriate selector codon in a relevant translation sys 
tem. Common sequence repositories for knoWn proteins 
include GenBank EMBL, DDBJ and the NCBI. Other reposi 
tories can easily be identi?ed by searching the intemet. 

Typically, the proteins are, e. g., at least 60%, at least 70%, 
at least 75%, at least 80%, at least 90%, at least 95%, or at 
least 99% or more identical to any available protein (e.g., a 
therapeutic protein, a diagnostic protein, an industrial 
enZyme, or portion thereof, and the like), and they comprise 
one or more unnatural amino acid. Examples of therapeutic, 
diagnostic, and other proteins that can be modi?ed to com 
prise one or more unnatural amino acid, e.g., an unnatural 
amino acid comprising a moiety Where a saccharide moiety is 
attached, or an unnatural amino acid that includes a saccha 
ride moiety, can be found, but not limited to, those in WO 
2002/085923, supra. Examples of therapeutic, diagnostic, 
and other proteins that can be modi?ed to comprise one or 
more unnatural amino acid that comprises an amino acid, 
Where a saccharide moiety is linked and/or an unnatural 
amino acid that includes a saccharide moiety include, but are 
not limited to, e.g., Alpha-l antitrypsin, Angiostatin, Anti 
hemolytic factor, antibodies (further details on antibodies are 
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found beloW), Apolipoprotein, Apoprotein, Atrial natriuretic 
factor, Atrial natriuretic polypeptide, Atrial peptides, C-X-C 
chemokines (e.g., T39765, NAP-2, ENA-78, Gro-a, Gro-b, 
Gro-c, IP-l0, GCP-2, NAP-4, SDF-l, PF4, MIG), Calcitonin, 
CC chemokines (e.g., Monocyte chemoattractant protein-l, 
Monocyte chemoattractant protein-2, Monocyte chemoat 
tractant protein-3, Monocyte in?ammatory protein-l alpha, 
Monocyte in?ammatory protein-l beta, RANTES, 1309, 
R839l5, R9l733,HCC1,T58847, D31065, T64262), CD40 
ligand, C-kit Ligand, Collagen, Colony stimulating factor 
(CSF), Complement factor 5a, Complement inhibitor, 
Complement receptor 1, cytokines, (e.g., epithelial Neutro 
phil Activating Peptide-78, GROoz/MGSA, GROB, GROY, 
MIP- 1 0t, MIP-l 6, MCP-l), Epidermal GroWth Factor (EGF), 
Erythropoietin (“EPO”, representing a preferred target for 
modi?cation by the incorporation of one or more unnatural 
amino acid), Exfoliating toxins A and B, Factor IX, Factor 
VII, Factor VIII, Factor X, Fibroblast GroWth Factor (FGF), 
Fibrinogen, Fibronectin, G-CSF, GM-CSF, Glucocerebrosi 
dase, Gonadotropin, groWth factors, Hedgehog proteins (e. g., 
Sonic, Indian, Desert), Hemoglobin, Hepatocyte GroWth 
Factor (HGF), Hirudin, Human serum albumin, Insulin, Insu 
lin-like GroWth Factor (IGF), interferons (e. g., IFN-ot, EFN 
[3, WFN-y), interleukins (e.g., IL-l, IL-2, IL-3, IL-4, IL-5, 
IL-6, IL-7, IL-8, IL-9, IL-l0, IL-1 1, IL-l2, etc.), Kerati 
nocyte GroWth Factor (KGF), Lactoferrin, leukemia inhibi 
tory factor, Luciferase, Neurturin, Neutrophil inhibitory fac 
tor (NIF), oncostatin M, Osteogenic protein, Parathyroid 
hormone, PD-ECSF, PDGF, peptide hormones (e.g., Human 
GroWth Hormone), Pleiotropin, Protein A, Protein G, Pyro 
genic exotoxins A, B, and C, Relaxin, Renin, SCF, Soluble 
complement receptor I, Soluble I-CAM l, Soluble interleukin 
receptors (IL-1, 2, 3, 4, 5, 6, 7, 9, l0, l1, l2, l3, l4, l5), 
Soluble TNF receptor, Somatomedin, Somatostatin, Soma 
totropin, Streptokinase, Superantigens, i.e., Staphylococcal 
enterotoxins (SEA, SEB, SECl, SEC2, SEC3, SED, SEE), 
Superoxide dismutase (SOD), Toxic shock syndrome toxin 
(TSST-l), Thymosin alpha 1, Tissue plasminogen activator, 
Tumor necrosis factorbeta (TNF beta), Tumor necrosis factor 
receptor (TNFR), Tumor necrosis factor-alpha (TNF alpha), 
Vascular Endothelial GroWth Factor (V EGEF), Urokinase 
and many others. 
One class of proteins that can be made using the composi 

tions and methods for in vivo incorporation of an unnatural 
amino acid, e.g., an unnatural amino acid comprising a moi 
ety Where a saccharide moiety can be attached, or an unnatu 
ral amino acid that includes a saccharide moiety described 
herein, includes transcriptional modulators or a portion 
thereof. Example transcriptional modulators include genes 
and transcriptional modulator proteins that modulate cell 
groWth, differentiation, regulation, or the like. Transcrip 
tional modulators are found in prokaryotes, viruses, and 
eukaryotes, including fungi, plants, yeasts, insects, and ani 
mals, including mammals, providing a Wide range of thera 
peutic targets. It Will be appreciated that expression and tran 
scriptional activators regulate transcription by many 
mechanisms, e.g., by binding to receptors, stimulating a sig 
nal transduction cascade, regulating expression of transcrip 
tion factors, binding to promoters and enhancers, binding to 
proteins that bind to promoters and enhancers, unWinding 
DNA, splicing pre-mRNA, polyadenylating RNA, and 
degrading RNA. 
One class of proteins of the invention (e.g., proteins With 

one or more unnatural amino acid that comprises an amino 
acid, Where a saccharide moiety is linked, and/ or an unnatural 
amino acid that includes a saccharide moiety) include expres 
sion activators such as cytokines, in?ammatory molecules, 
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growth factors, their receptors, and oncogene products, e. g., 
interleukins (e.g., IL-1, IL-2, IL-8, etc.), interferons, FGF, 
IGF-I, IGF-II, FGF, PDGF, TNF, TGF-ot, TGF-[3, EGF, KGF, 
SCF/c-Kit, CD40L/CD40, VLA-4/VCAM-1, ICAM-l/LFA 
1 , and hyalurin/ CD44; signal transduction molecules and cor 
responding oncogene products, e.g., Mos, Ras, Raf, and Met; 
and transcriptional activators and suppressors, e.g., p53, Tat, 
Fos, Myc, Jun, Myb, Rel, and steroid hormone receptors such 
as those for estrogen, progesterone, testosterone, aldo sterone, 
the LDL receptor ligand and cor‘ticosterone. 

Enzymes (e.g., industrial enzymes) or portions thereof 
With at least one unnatural amino acid, e.g., an unnatural 
amino acid comprising a moiety Where a saccharide moiety is 
attached, or an unnatural amino acid that includes a saccha 
ride moiety, are also provided by the invention. Examples of 
enzymes include, but are not limited to, e. g., amidases, amino 
acid racemases, acylases, dehalogenases, dioxygenases, dia 
rylpropane peroxidases, epimerases, epoxide hydrolases, 
esterases, isomerases, kinases, glucose isomerases, glycosi 
dases, glycosyl transferases, haloperoxidases, monooxyge 
nases (e.g., p450s), lipases, lignin peroxidases, nitrile 
hydratases, nitrilases, proteases, phosphatases, subtilisins, 
transaminase, and nucleases. 
Many proteins that can be modi?ed according to the inven 

tion are commercially available (see, e.g., the Sigma Bio 
Sciences 2002 catalogue and price list), and the correspond 
ing protein sequences and genes and, typically, many variants 
thereof, are Well-knoWn (see, e.g., Genbank). Any of them 
can be modi?ed by the insertion of one or more unnatural 
amino acid that comprises an amino acid, Where a saccharide 
moiety is linked, or that includes an unnatural amino acid that 
includes a saccharide moiety according to the invention, e. g., 
to alter the protein With respect to one or more therapeutic, 
diagnostic or enzymatic properties of interest. Examples of 
therapeutically relevant properties include serum half-life, 
shelf half-life, stability, immunogenicity, therapeutic activity, 
detectability (e.g., by the inclusion of reporter groups (e.g., 
labels or label binding sites) in the unnatural amino acids, 
speci?city, reduction of LD5O or other side effects, ability to 
enter the body through the gastric tract (e. g., oral availability), 
or the like. Examples of relevant diagnostic properties include 
shelf half-life, stability, diagnostic activity, detectability, 
speci?city, or the like. Examples of relevant enzymatic prop 
er‘ties include shelf half-life, stability, speci?city, enzymatic 
activity, production capability, or the like. 
A variety of other proteins can also be modi?ed to include 

one or more unnatural amino acids of the invention. For 
example, the invention can include substituting one or more 
natural amino acids in one or more vaccine proteins With an 
unnatural amino acid that comprises an amino acid, Where a 
saccharide moiety is linked, or by incorporating an unnatural 
amino acid that includes a saccharide moiety, e.g., in proteins 
from infectious fungi, e.g., Aspergillus, Candida species; 
bacteria, particularly E. coli, Which serves a model for patho 
genic bacteria, as Well as medically important bacteria such as 
Staphylococci (e.g., aureus), or Streptococci (e.g., pneumo 
niae); protozoa such as sporozoa (e.g., Plasmodia), rhizopods 
(e.g., Enlamoeba) and ?agellates (Trypanasoma, Leishma 
nia, Trichomonas, Giardia, etc.); viruses such as (+) RNA 
viruses (examples include Poxviruses e.g., vaccinia; Picor 
naviruses, e.g. polio; Togaviruses, e.g., rubella; Flaviviruses, 
e.g., HCV; and Coronaviruses), (—) RNA viruses (e.g., Rhab 
doviruses, e.g., VSV; Paramyxovimses, e.g., RSV; Orth 
omyxovimses, e.g., in?uenza; Bunyaviruses; and Arenavi 
ruses), dsDNA viruses (Reoviruses, for example), RNA to 
DNA viruses, i.e., Retroviruses, e.g., HIV and HTLV, and 
certain DNA to RNA viruses such as Hepatitis B. 
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Agriculturally related proteins such as insect resistance 

proteins (e.g., the Cry proteins), starch and lipid production 
enzymes, plant and insect toxins, toxin-resistance proteins, 
Mycotoxin detoxi?cation proteins, plant groWth enzymes 
(e.g., Ribulose 1,5-Bisphosphate Carboxylase/Oxygenase, 
“RUBISCO”), lipoxygenase (LOX), and Phosphoenolpyru 
vate (PEP) carboxylase are also suitable targets for modi?ca 
tion by incorporation of unnatural amino acids and/ or saccha 
ride additions of invention. 

In certain embodiments, the protein or polypeptide of inter 
est (or portion thereof) in the methods and/or compositions of 
the invention is encoded by a nucleic acid. Typically, the 
nucleic acid comprises at least one selector codon, at least tWo 
selector codons, at least three selector codons, at least four 
selector codons, at least ?ve selector codons, at least six 
selector codons, at least seven selector codons, at least eight 
selector codons, at least nine selector codons, ten or more 
selector codons. 
De?ning Polypeptides by Immunoreactivity 
Because the glycopolypeptides of the invention provide a 

variety of neW polypeptide sequences (e.g., comprising an 
unnatural amino acid that comprises an amino acid, Where a 
saccharide moiety can be linked, or an unnatural amino acid 
that includes a saccharide moiety in the case of proteins 
synthesized in the translation systems herein, or, e.g., in the 
case of the novel synthetases, novel sequences of standard 
amino acids), the glycopolypeptides also provide neW struc 
tural features Which can be recognized, e.g., in immunologi 
cal assays. The generation of antisera, Which speci?cally bind 
the polypeptides of the invention, as Well as the polypeptides 
Which are bound by such antisera, are a feature of the inven 
tion. The term “antibody,” as used herein, includes, but is not 
limited to a polypeptide substantially encoded by an immu 
noglobulin gene or immunoglobulin genes, or fragments 
thereof Which speci?cally bind and recognize an analyte (an 
tigen). Examples include polyclonal, monoclonal, chimeric, 
and single chain antibodies, and the like. Fragments of immu 
noglobulins, including Fab fragments and fragments pro 
duced by an expression library, including phage display, are 
also included in the term “antibody” as used herein. See, e. g., 
Paul, Fundamental Immunology, 4th Ed., 1999, Raven Press, 
NeW York, for antibody structure and terminology. 

For example, the invention includes synthetase proteins 
that speci?cally bind to, or that are speci?cally immunoreac 
tive With, an antibody or antisera generated against an immu 
nogen comprising a synthetase amino acid sequence selected 
from one or more of those in the various sequences herein. To 
eliminate cross-reactivity With other homologues, the anti 
body or antisera is subtracted With available synthetases, such 
as the Wild-type Melhanococcus jannaschii jannaschii) 
tyrosyl synthetase (TyrRS), or a knoWn arti?cial synthetase, 
such as any of those in WO 2002/085923. Where the Wild 
type M jannaschii tyrosyl synthetase (TyrRS), or previous 
sequence, corresponds to a nucleic acid, a polypeptide 
encoded by the nucleic acid is optionally generated and used 
for antibody/antisera subtraction purposes. 

In one typical format, the immunoassay uses polyclonal 
antiserum raised against one or more polypeptide comprising 
one or more of the synthetase sequences herein, or a substan 
tial subsequence thereof (i.e., at least about 30% of the full 
length sequence provided). The set of potential polypeptide 
immunogens derived from these sequences are collectively 
referred to beloW as “the immunogenic polypeptides.” The 
resulting antisera is optionally selected to have loW cross 
reactivity against the control synthetase homologues (Wild 
type TyrRs, and/or synthetases in WO 2002/085923) and any 
such cross-reactivity is removed, e.g., by immunoabsorption, 



US 7,825,226 B2 
19 

With one or more of the control synthetase homologues, prior 
to use of the polyclonal antiserum in the immunoassay. 

In order to produce antisera for use in an immunoassay, one 
or more of the immunogenic polypeptides is produced and 
puri?ed as described herein. For example, recombinant pro 
tein can be produced in a recombinant cell. An inbred strain of 
mice (used in this assay because results are more reproducible 
due to the virtual genetic identity of the mice) is immuniZed 
With the immunogenic protein(s) in combination With a stan 
dard adjuvant, such as Freund’s adjuvant, and a standard 
mouse immunization protocol (see, e.g., HarloW and Lane 
(1988) Antibodies, A Laboratory Manual, Cold Spring Har 
bor Publications, NeW York, for a standard description of 
antibody generation, immunoassay formats and conditions 
that can be used to determine speci?c immunoreactivity. 
Additional references and discussion of antibodies is also 
found herein and can be applied here to de?ning polypeptides 
by immunoreactivity). Alternatively, one or more synthetic or 
recombinant polypeptide derived from the sequences dis 
closed herein is conjugated to a carrier protein and used as an 
immunogen. Additional details on proteins, antibodies, anti 
sera, etc. can be found in WO 2002/085923, supra. 

Polyclonal sera are collected and titered against the immu 
nogenic polypeptide in an immunoassay, for example, a solid 
phase immunoassay With one or more of the immunogenic 
proteins immobiliZed on a solid support. Polyclonal antisera 
With a titer of 106 or greater are selected, pooled and sub 
tracted With the control synthetase polypeptides to produce 
subtracted pooled titered polyclonal antisera. 
The subtracted pooled titered polyclonal antisera are tested 

for cross reactivity against the control homologues in a com 
parative immunoassay. In this comparative assay, discrimina 
tory binding conditions are determined for the subtracted 
titered polyclonal antisera Which result in at least about a 5 - l 0 
fold higher signal to noise ratio for binding of the titered 
polyclonal antisera to the immunogenic synthetase as com 
pared to binding to the control synthetase homologues. That 
is, the stringency of the binding reaction is adjusted by the 
addition of non-speci?c competitors such as albumin or non 
fat dry milk, and/or by adjusting salt conditions, temperature, 
and/or the like. These binding conditions are used in subse 
quent assays for determining Whether a test polypeptide (a 
polypeptide being compared to the immunogenic polypep 
tides and/or the control polypeptides) is speci?cally bound by 
the pooled subtracted polyclonal antisera. In particular, test 
polypeptides Which shoW at least a 2-5>< higher signal to noise 
ratio than the control synthetase homologues under discrimi 
natory binding conditions, and at least about a 1/2 signal to 
noise ratio as compared to the immunogenic polypeptide(s), 
shares substantial structural similarity With the immunogenic 
polypeptide as compared to knoWn synthetases, and is, there 
fore a polypeptide of the invention. 

In another example, immunoassays in the competitive 
binding format are used for detection of a test polypeptide. 
For example, as noted, cross-reacting antibodies are removed 
from the pooled antisera mixture by immunoabsorption With 
the control polypeptides. The immunogenic polypeptide(s) 
are then immobiliZed to a solid support Which is exposed to 
the subtracted pooled antisera. Test proteins are added to the 
assay to compete for binding to the pooled subtracted antis 
era. The ability of the test protein(s) to compete for binding to 
the pooled subtracted antisera as compared to the immobi 
liZed protein(s) is compared to the ability of the immunogenic 
polypeptide(s) added to the assay to compete for binding (the 
immunogenic polypeptides compete effectively With the 
immobilized immunogenic polypeptides for binding to the 
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pooled antisera). The percent cross-reactivity for the test pro 
teins is calculated, using standard calculations. 

In a parallel assay, the ability of the control proteins to 
compete for binding to the pooled subtracted antisera is 
optionally determined as compared to the ability of the immu 
nogenic polypeptide(s) to compete for binding to the antisera. 
Again, the percent cross-reactivity for the control polypep 
tides is calculated, using standard calculations. Where the 
percent cross-reactivity is at least 5-l0>< as high for the test 
polypeptides as compared to the control polypeptides and or 
Where the binding of the test polypeptides is approximately in 
the range of the binding of the immunogenic polypeptides, 
the test polypeptides are said to speci?cally bind the pooled 
subtracted antisera. 

In general, the immunoab sorbed and pooled antisera can be 
used in a competitive binding immunoassay as described 
herein to compare any test polypeptide to the immunogenic 
and/or control polypeptide(s). In order to make this compari 
son, the immunogenic, test and control polypeptides are each 
assayed at a Wide range of concentrations and the amount of 
each polypeptide required to inhibit 50% of the binding of the 
subtracted antisera to, e.g., an immobiliZed control, test or 
immunogenic protein is determined using standard tech 
niques. If the amount of the test polypeptide required for 
binding in the competitive assay is less than tWice the amount 
of the immunogenic polypeptide that is required, then the test 
polypeptide is said to speci?cally bind to an antibody gener 
ated to the immunogenic protein, provided the amount is at 
least about 5-l0>< as high as for the control polypeptide. 
As an additional determination of speci?city, the pooled 

antisera is optionally fully immunosorbed With the immuno 
genic polypeptide(s) (rather than the control polypeptides) 
until little or no binding of the resulting immunogenic 
polypeptide subtracted pooled antisera to the immunogenic 
polypeptide(s) used in the immuno sorbtion is detectable. This 
fully immunosorbed antisera is then tested for reactivity With 
the test polypeptide. If little or no reactivity is observed (i.e., 
no more than 2x the signal to noise ratio observed for binding 
of the fully immunosorbed antisera to the immunogenic 
polypeptide), then the test polypeptide is speci?cally bound 
by the antisera elicited by the immunogenic protein. 

Orthogonal tRNA and Orthogonal Aminoacyl-tRNA Syn 
thetase Pairs 

Translation systems that are suitable for making proteins 
that include one or more unnatural amino acids are described 

in International patent applications WO 2002/086075, 
entitled “METHODS AND COMPOSITION FOR THE 
PRODUCTION OF ORTHOGONAL tRNA-AMINOA 
CYLtRNA SYNTHETASE PAIRS” and WO 2002/085923, 
supra. Each of these applications is incorporated herein by 
reference in its entirety. Such translation systems generally 
comprise cells that include an orthogonal tRNA (O-tRNA), 
an orthogonal aminoacyl tRNA synthetase (O-RS), and an 
unnatural amino acid (for example, an unnatural amino acid 
comprising a moiety Where a saccharide moiety can be 
attached, such as an aldehyde- or keto-derivatiZed amino 
acid, or an unnatural amino acid that includes a saccharide 
moiety), Where the O-RS aminoacylates the O-tRNA With the 
unnatural amino acid. The cell uses the components to incor 
porate the unnatural amino acid into a groWing polypeptide 
chain. 
An orthogonal pair is composed of an O-tRNA, e.g., a 

suppressor tRNA, a frameshift tRNA, or the like, and an 
O-RS. The O-tRNA is not acylated by endogenous syn 
thetases and is capable of decoding a selector codon, as 
described above. The O-RS recogniZes the O-tRNA, e.g., 
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With an extended anticodon loop, and preferentially aminoa 
cylates the O-tRNA With an unnatural amino acid, e.g., an 
unnatural amino acid comprising a moiety Where a saccharide 
moiety can be attached, or an unnatural amino acid that 
includes a saccharide moiety. The development of multiple 
orthogonal tRNA/synthetase pairs can alloW the simulta 
neous incorporation of multiple unnatural amino acids using 
different codons. See Example 5 for exemplary O-tRNA and 
O-RS sequences. 

The O-tRNA and the O-RS can be naturally occurring or 
can be derived by mutation of a naturally occurring tRNA 
and/or RS from a variety of organisms, Which are described 
under sources and hosts. In various embodiments, the 
O-tRNA and O-RS are derived from at least one organism. In 
another embodiment, the O-tRNA is derived from a naturally 
occurring or mutated naturally occurring tRNA from a ?rst 
organism and the O-RS is derived from naturally occurring or 
mutated naturally occurring RS from a second organism. 

Speci?cally, these methods include: (a) generating a 
library of tRNAs derived from at least one tRNA from a ?rst 
organism; (b) negatively selecting the library for tRNAs that 
are aminoacylated by an aminoacyl-tRNA synthetase (RS) 
from a second organism in the absence of a RS from the ?rst 
organism, thereby providing a pool of tRNAs; (c) selecting 
the pool of tRNAs for members that are aminoacylated by an 
introduced orthogonal RS (O-RS), thereby providing at least 
one recombinant O-tRNA. The recombinant O-tRNA recog 
niZes a selector codon and is not ef?ciency recogniZed by the 
RS from the second organism and is preferentially aminoa 
cylated by the O-RS. The method also includes: (d) generat 
ing a library of mutant RSs derived from at least one aminoa 
cyl-tRNA synthetase (RS) from a third organism; (e) 
selecting the library of RSs for members that preferentially 
aminoacylate the recombinant O-tRNA in the presence of an 
unnatural amino acid and a natural amino acid, thereby pro 
viding a pool of active RSs; and, (f) negatively selecting the 
pool for active RSs that preferentially aminoacylate the at 
least one recombinant O-tRNA in the absence of the unnatu 
ral amino acid, thereby providing the speci?c O-tRNA/O-RS 
pair, Where the speci?c O-tRNA/O-RS pair comprises at least 
one recombinant O-RS that is speci?c for the unnatural amino 
acid, e.g., an unnatural amino acid comprising a moiety 
Where a saccharide moiety can be attached, or an unnatural 
amino acid that includes a saccharide moiety, and the recom 
binant O-tRNA. 
One strategy for generating an orthogonal pair involves 

generating mutant libraries from Which to screen and/or 
select an O-tRNA or O-RS. 

A second strategy for generating an orthogonal tRNA/ 
synthetase pair involves importing a heterologous tRNA/syn 
thetase pair, e.g., importing a pair from another, e.g., source 
organi sm into the host cell. The properties of the heterologous 
synthetase candidate include, e.g., that it does not charge any 
host cell tRNA, and the properties of the heterologous tRNA 
candidate include, e.g., that it is not acylated by any host cell 
synthetase. In addition, the heterologous tRNA derived from 
the heterologous tRNA is orthogonal to all host cell syn 
thetases. 

Orthogonal Aminoacyl tRNA Synthetases (O-RS) 
An O-RS of the invention preferentially aminoacylates an 

O-tRNA With a an unnatural amino acid, e.g., an unnatural 
amino acid comprising a moiety Where a saccharide moiety 
can be attached, or an unnatural amino acid that includes a 
saccharide moiety, in vitro or in vivo. An O-RS of the inven 
tion can be provided to the translation system, e. g., a cell, or 
an in vivo translation system by a polypeptide that includes an 
O-RS and/or by a polynucleotide that encodes an O-RS or a 
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portion thereof. For example, an O-RS comprises an amino 
acid sequence as set forth in SEQ ID NO.: 1-6, or a conser 
vative variation thereof. In another example, an O-RS, or a 
portion thereof, is encoded by a polynucleotide sequence that 
encodes an amino acid comprising SEQ ID NO.: l-6, or a 
complementary polynucleotide sequence thereof, or is 
encoded by a polynucleotide comprising a polynucleotide 
sequence of any one of SEQ ID NO.: 8, 9, or 10. See, e.g., 
Table 2 and Example 5 herein for sequences of exemplary 
O-RS molecules. See also the section entitled “Nucleic Acid 
and Polypeptide Sequence and Variants” herein. 

Methods for producing an O-RS are based on generating a 
pool of mutant synthetases from the framework of a Wild-type 
synthetase, and then selecting for mutated RSs based on their 
speci?city for an unnatural amino acid having, e.g., an alde 
hyde- or keto-moiety or a saccharide moiety relative to the 
common tWenty amino acids. To isolate such a synthetase, the 
selection methods of the invention are: (i) sensitive, as the 
activity of desired synthetases from the initial rounds can be 
loW and the population small; (ii) “tunable”, since it is desir 
able to vary the selection stringency at different selection 
rounds; and, (iii) general, so that it can be used for different 
unnatural amino acids. 

Methods to generate an orthogonal aminoacyl tRNA syn 
thetase include mutating the synthetase, e. g., at the active site 
in the synthetase, at the editing mechanism site in the syn 
thetase, at different sites by combining different domains of 
synthetases, or the like, and applying a selection process. A 
strategy is used, Which is based on the combination of a 
positive selection folloWed by a negative selection. In the 
positive selection, suppression of the selector codon intro 
duced at a nonessential position(s) of a positive marker alloWs 
cells to survive under positive selection pressure. In the pres 
ence of both natural and unnatural amino acids, survivors thus 
encode active synthetases charging the orthogonal suppressor 
tRNA With either a natural or unnatural amino acid. In the 
negative selection in the absence of the unnatural amino acid, 
suppression of a selector codon introduced at a nonessential 
position(s) of a negative marker removes synthetases With 
natural amino acid speci?cities. Survivors of the negative and 
positive selection encode synthetases that aminoacylate 
(charge) the orthogonal suppressor tRNA With unnatural 
amino acids only. These synthetases can then be subjected to 
further mutagenesis, e.g., DNA shuf?ing, other recursive 
mutagenesis methods, and/or the like. 
The library of mutant RSs can be generated using various 

mutagenesis techniques knoWn in the art. For example, the 
mutant RSs can be generated by site-speci?c mutations, ran 
dom point mutations, homologous recombination, chimeric 
construction or the like. Chimeric libraries of RSs are also 
included in the invention. 
The positive selection can be based on suppression of a 

selector codon in a positive selection marker comprising a 
selector codon, e.g., an amber stop codon, in the selection 
marker gene. The antibiotic or other selective agent can be 
applied as the positive selection pressure. In addition, the 
selection marker can be used as both a positive marker and 
negative marker, as describe herein, in the presence and 
absence of unnatural amino acid. Optionally, the selection 
marker gene comprising a selector codon is used for the 
positive selection and a negative selection marker, e. g., a toxic 
marker, such as a bamase gene comprising at least one or 
more selector codons, is used for the negative selection. 
The positive selection can also be based on suppression of 

a selector codon at a nonessential position in the [3-lactamase 
gene, rendering cells ampicillin resistant; and a negative 
selection using the ribonuclease bamase as the negative 
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marker is used. In contrast to [3-lactamase, Which is secreted 
into the periplasm, a chloramphenicol acetyltransferase 
(CAT) gene can also be used, Which localizes in the cyto 
plasm; moreover, ampicillin is bactericidal, While chloram 
phenicol is bacteriostatic. 

Once the synthetases are subject to the positive and nega 
tive selection/ screening strategy, these synthetases can then 
be subjected to further mutagenesis. For example, a nucleic 
acidthat encodes the O-RS canbe isolated; a set of polynucle 
otides that encode mutated O-RSs (e.g., by random mutagen 
esis, site-speci?c mutagenesis, recombination or any combi 
nation thereof) can be generated from the nucleic acid; and, 
these individual steps or a combination of these steps can be 
repeated until a mutated O-RS is obtained that preferentially 
aminoacylates the O-tRNA With the unnatural amino acid, 
e.g., an unnatural amino acid comprising a moiety Where a 
saccharide moiety canbe attached, or an unnatural amino acid 
that includes a saccharide moiety. In one aspect of the inven 
tion, the steps are performed multiple times, e.g., at least tWo 
times. Optionally, the concentration of the selection agent is 
varied. 

Additional levels of selection/ screening stringency can 
also be used in the methods of the invention, for producing 
O-tRNA, O-RS, or pairs thereof. The selection or screening 
stringency can be varied on one or both steps of the method to 
produce an O-RS. This could include, e.g., varying the 
amount of selection/screening agent that is used, etc. Addi 
tional rounds of positive and/or negative selections can also 
be performed. Selecting or screening can also comprise one 
or more of a change in amino acid permeability, a change in 
translation e?iciency, a change in translational ?delity, etc. 
Typically, the one or more change is based upon a mutation in 
one or more gene in an organism in Which an orthogonal 
tRNA-tRNA synthetase pair is used to produce protein. 

Additional details for producing O-RS, for altering the 
substrate speci?city of the synthetase, and other examples of 
O-RSs can be found in WO 2002/086075, supra. 

Orthogonal tRNA (O-tRNAS) 
An orthogonal tRNA (O-tRNA) of the invention mediates 

incorporation of an unnatural amino acid, e.g., an unnatural 
amino acid comprising a moiety Where a saccharide moiety 
can be attached, such as an aldehyde- or keto-derivatiZed 
amino acid, or an unnatural amino acid that includes a sac 
charide moiety, into a protein that is encoded by a polynucle 
otide that comprises a selector codon that is recogniZed by the 
O-tRNA, e.g., in vivo or in vitro. 
An example of O-tRNAs of the invention is SEQ ID NO.: 

7. See Table 2 and Example 5, herein, for sequences of exem 
plary O-tRNA and O-RS molecules. See also the section 
entitled “Nucleic Acid and Polypeptide Sequence and Vari 
ants” herein. In the tRNA molecule, Thymine (T) is replace 
With Uracil (U). Additional modi?cations to the bases can 
also be present. The invention also includes conservative 
variations of O-tRNA. For example, conservative variations 
of O-tRNA include those molecules that function like the 
O-tRNA of SEQ ID NO.: 7 and maintain the tRNA L-shaped 
structure, but do not have the same sequence (and are other 
than Wild type tRNA molecules). See also the section herein 
entitled “Nucleic acids and Polypeptides Sequence and Vari 
ants.” 

Methods for producing a recombinant orthogonal tRNA 
(O-tRNA) is provided in International patent application WO 
2002/086075, supra. 

For example, to improve the orthogonality of a tRNA While 
preserving its a?inity toWard a desired RS, the methods 
include a combination of negative and positive selections 
With a mutant suppressor tRNA library in the absence and 
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presence of the cognate synthetase, respectively. In the nega 
tive selection, a selector codon(s) is introduced in a marker 
gene, e.g., a toxic gene, such as bamase, at a nonessential 
position. When a member of the mutated tRNA library, e. g., 
derived from Melhanococcusjannaschi i, is aminoacylated by 
endogenous host, e.g., Escherichia coli synthetases (i.e., it is 
not orthogonal to the host, e.g., Escherichia coli synthetases), 
the selector codon, e.g., an amber codon, is suppressed and 
the toxic gene product produced leads to cell death. Cells 
harboring orthogonal tRNAs or non-functional tRNAs sur 
vive. Survivors are then subjected to a positive selection in 
Which a selector codon, e.g., an amber codon, is placed in a 
positive marker gene, e.g., a drug resistance gene, such a 
[3-lactamase gene. These cells also contain an expression 
vector With a cognate RS. These cells are groWn in the pres 
ence of a selection agent, e.g., ampicillin. tRNAs are then 
selected for their ability to be aminoacylated by the coex 
pressed cognate synthetase and to insert an amino acid in 
response to this selector codon. Cells harboring non-func 
tional tRNAs, or tRNAs that cannot be recogniZed by the 
synthetase of interest are sensitive to the antibiotic. There 
fore, tRNAs that: (i) are not substrates for endogenous host, 
e.g., Escherichia coli, synthetases; (ii) can be aminoacylated 
by the synthetase of interest; and (iii) are functional in trans 
lation survive both selections. 

Libraries of mutated tRNA are constructed. Mutations can 
be introduced at a speci?c position(s), e. g., at a nonconserva 
tive position(s), or at a conservative position, at a randomiZed 
position(s), or a combination of both in a desired loop of a 
tRNA, e.g., an anticodon loop, (D arm, V loop, TIpC arm) or 
a combination of loops or all loops. Chimeric libraries of 
tRNA are also included in the invention. It should be noted 
that libraries of tRNA synthetases from various organism 
(e.g., microorganisms such as eubacteria or archaebacteria) 
such as libraries that comprise natural diversity (see, e.g., 
U.S. Pat.No. 6,238,884 to Short et al; US. Pat.No. 5,756,316 
to Schallenberger et al; US. Pat. No. 5,783,431 to Petersen et 
al; US. Pat. No. 5,824,485 to Thompson et al; US. Pat. No. 
5,958,672 to Short et al), are optionally constructed and 
screened for orthogonal pairs. 

Additional mutations can be introduced at a speci?c posi 
tion(s), e.g., at a nonconservative position(s), or at a conser 
vative position, at a randomiZed position(s), or a combination 
of both in a desired loop or region of a tRNA, e.g., an antic 
odon loop, the acceptor stem, D arm or loop, variable loop, 
TIpC arm or loop, other regions of the tRNA molecule, or a 
combination thereof. Typically, mutations in a tRNA include 
mutating the anticodon loop of each member of the library of 
mutant tRNAs to alloW recognition of a selector codon. The 
method can further include adding an additional sequence 
(CCA) to 3' terminus of the O-tRNA. Typically, an O-tRNA 
possesses an improvement of orthogonality for a desired 
organism compared to the starting material, e.g., the plurality 
of tRNA sequences, While preserving its a?inity toWards a 
desired RS. 

For example, in the negative selection, a selector codon(s) 
is introduced into polynucleotide that encodes a negative 
selection marker, e. g., an enzyme that confers antibiotic resis 
tance, e.g., [3-lactamase, an enZyme that confers a detectable 
product, e.g., [3-galactosidase, chloramphenicol acetyltrans 
ferase (CAT), e.g., a toxic product, such as bamase, at a 
nonessential position (e.g., still producing a functional bar 
nase), etc. Screening/ selection is optionally done by groWing 
the population of cells in the presence of a selective agent 
(e.g., an antibiotic, such as ampicillin). In one embodiment, 
the concentration of the selection agent is varied. 
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For example, to measure the activity of suppressor tRNAs, 
a selection system is used that is based on the in vivo sup 
pression of selector codon, e.g., nonsense or frameshift muta 
tions introduced into a polynucleotide that encodes a negative 
selection marker, e.g., a gene for [3-lactamase (bla). For 
example, polynucleotide variants, e.g., bla variants, With a 
selector codon at position a certain position, are constructed. 
Cells, e.g., bacteria, are transformed With these polynucle 
otides. In the case of an orthogonal tRNA, Which cannot be 
e?iciently charged by endogenous E. coli synthetases, anti 
biotic resistance, e.g., ampicillin resistance, should be about 
or less than that for a bacteria transformed With no plasmid. If 
the tRNA is not orthogonal, or if a heterologous synthetase 
capable of charging the tRNA is co-expressed in the system, 
a higher level of antibiotic, e.g., ampicillin, resistance is be 
observed. Cells, e.g., bacteria, are chosen that are unable to 
groW on LB agar plates With antibiotic concentrations about 
equal to cells transformed With no plasmids. 

In the case of a toxic product (e. g., ribonuclease bamase), 
When a member of the plurality of potential tRNAs is ami 
noacylated by endogenous host, e.g., Escherichia coli syn 
thetases (i.e., it is not orthogonal to the host, e.g., Escherichia 
coli synthetases), the selector codon is suppressed and the 
toxic polynucleotide product produced leads to cell death. 
Cells harboring orthogonal tRNAs or non-functional tRNAs 
survive. Optionally, the ribonuclease bamase gene can 
include tWo or more amber codons. The surviving cells can be 
selected, e.g., by using a comparison ratio cell density assay. 

In one embodiment, the pool of tRNAs that are orthogonal 
to a desired organism are subjected to a positive selection in 
Which a selector codon is placed in a positive selection 
marker, e. g., encoded by a drug resistance gene, such a [S-lac 
tamase gene. The positive selection is performed on a cell 
comprising a polynucleotide encoding or comprising a mem 
ber of the pool of tRNAs that are orthogonal to the cell, a 
polynucleotide encoding a positive selection marker, and a 
polynucleotide encoding cognate RS. In certain embodi 
ments, the second population of cells comprises cells that 
Were not eliminated by the negative selection. The polynucle 
otides are expressed in the cell and the cell is groWn in the 
presence of a selection agent, e.g., ampicillin. tRNAs are then 
selected for their ability to be aminoacylated by the coex 
pressed cognate synthetase and to insert an amino acid in 
response to this selector codon. Typically, these cells shoW an 
enhancement in suppression ef?ciency compared to cells har 
boring non-functional tRNAs, or tRNAs that cannot e?i 
ciently be recogniZed by the synthetase of interest. The cell 
harboring the non-functional or tRNAs that are not ef?ciently 
recogniZed by the synthetase of interest are sensitive to the 
antibiotic. Therefore, tRNAs that: (i) are not substrates for an 
endogenous host, e.g., Escherichia coli, synthetases; (ii) can 
be aminoacylated by the synthetase of interest; and (iii) are 
functional in translation survive both selections. 

The stringency of the selection, e.g., the positive selection, 
the negative selection or both the positive and negative selec 
tion, in the above described-methods, optionally includes 
varying the selection stringency. For example, because bar 
nase is an extremely toxic protein, the stringency of the nega 
tive selection can be controlled by introducing different num 
bers of selector codons into the bamase gene and/ or by using 
an inducible promoter. In another example, the concentration 
of the selection or screening agent is varied (e.g., ampicillin 
concentration). In one aspect of the invention, the stringency 
is varied because the desired activity can be loW during early 
rounds of screening. Thus, less stringent selection criteria are 
applied in early rounds and more stringent criteria are applied 
in later rounds of selection. In certain embodiments, the nega 
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tive selection, the positive selection, or both the negative and 
positive selection, can be repeated multiple times. Multiple 
different negative selection markers, positive selection mark 
ers, or both negative and positive selection markers can be 
used. In certain embodiments, the positive and negative selec 
tion marker can be the same. 

Other types of selections can be used in the invention for 
generating, e.g., O-RS, O-tRNA, and O-tRNA/O-RS pairs 
that utiliZe, e.g., an unnatural amino acid comprising a moiety 
Where a saccharide moiety can be attached, such as an alde 
hyde- or keto-derivatiZed amino acid, or an unnatural amino 
acid that includes a saccharide moiety. For example, the posi 
tive selection step, the negative selection step or both the 
positive and negative selection steps can include using a 
reporter, Wherein the reporter is detected by ?uorescence 
activated cell sorting (FACS). For example, a positive selec 
tion can be done ?rst With a positive selection marker, e.g., a 
chloramphenicol acetyltransferase (CAT) gene, Where the 
CAT gene comprises a selector codon, e.g., an amber stop 
codon, in the CAT gene, Which folloWed by a negative selec 
tion screen, that is based on the inability to suppress a selector 
codon(s), e.g., tWo or more codons, at positions Within a 
negative marker, e.g., a T7 RNA polymerase gene, Which 
effects transcription of another gene, e.g., GFP. In one 
embodiment, the positive selection marker and the negative 
selection marker can be found on the same vector, e.g., plas 
mid. Expression of the negative marker drives expression of 
the reporter, e.g., green ?uorescent protein (GFP). The strin 
gency of the selection and screen can be varied, e.g., the 
intensity of the light need to ?uorescence the reporter can be 
varied. In another embodiment, a positive selection can be 
done With a reporter as a positive selection marker, Which is 
screened by FACs, folloWed by a negative selection screen, 
that is based on the inability to suppress a selector codon(s), 
e.g., tWo or more, at positions Within a negative marker, e. g., 
barnase gene. See also, e.g., Example 4, herein. 

Optionally, the reporter is displayed on a cell surface, on a 
phage display or the like. Cell-surface display, e.g., the 
OmpA-based cell-surface display system, relies on the 
expression of a particular epitope, e.g., a poliovirus C3 pep 
tide fused to an outer membrane porin OmpA, on the surface 
of the Escherichia coli cell. The epitope is displayed on the 
cell surface only When a selector codon in the protein message 
is suppressed during translation. The displayed peptide then 
contains the amino acid recogniZed by one of the mutant 
aminoacyl-tRNA synthetases in the library, and the cell con 
taining the corresponding synthetase gene can be isolated 
With antibodies raised against peptides containing speci?c 
unnatural amino acids. The OmpA-based cell-surface display 
system Was developed and optimiZed by Georgiou et al. as an 
alternative to phage display. See Francisco, J . A., Campbell, 
R., Iverson, B. L. & Georgoiu, G. Production and ?uores 
cence-activated cell sorting of Escherichia coli expressing a 
functional antibody fragment on the external surface. Proc 
NatlAcad Sci USA. 90110444-8 (1993). 

The selection steps can also be carried out in vitro. The 
selected component, e.g., synthetase and/or tRNA, can then 
be introduced into a cell for use in in vivo incorporation of an 
unnatural amino acid. 

Additional methods for producing a recombinant orthogo 
nal tRNA can be found, e. g., in International patent applica 
tions WO 2002/086075, supra. See also Forster et al., (2003) 
Programming peptidomimetic synthetases by translating 
genetic codes designed de novo PNAS 100(1 l):6353-6357; 
and, Feng et al., (2003), Expanding tRNA recognition of a 
tRNA synthetase by a single amino acid change, PNASIOO 
(10): 5676-5681. 


























































